We report Schottky diodes (SDs) and High Electron Mobility Transistors (HEMTs) fabricated of 2DEG AlGaN/GaN structures grown by Metalorganic Chemical Vapour Phase Epitaxy (MOVPE) on sapphire substrate. The SDs and HEMTs were designed intentionally without surface passivation and were successfully fabricated at the Center for Physical Sciences and Technology (CPST), using standard UV photolithography procedures. The performance of Ohmic contacts formed of quaternary Ti/Al/Ni/Au stack was optimized varying the temperature of rapid thermal annealing process. Deposited on the semiconductor metal Ni/Au stack was used to form 0.75 eV height Schottky barriers. The fabricated SDs demonstrated low reverse current and high electric current switching ratio while the HEMTs showed high transconductance and drain saturation currents performance with good transistor channel closing. This work paves a way to develop advanced AlGaN/GaN based HEMT structures as well as new electronic components for operation at high powers and high frequencies.
Introduction
Wide band gap, high electron mobility and saturation velocity as well as thermal stability made gallium nitride (GaN) a promising material for high power and high frequency electronic devices. Growth of highelectron-mobility-transistor (HEMT) structures of graded aluminum gallium nitride-gallium nitride (AlGaN/GaN) resulted in high power density RF amplifiers and components [1] . Usually GaN-based electronic devices are fabricated on foreign substrates such as sapphire, Si, and SiC with the preference for the last one due to better performances achieved [2] . However, AlGaN/GaN HEMT structures on high quality ammonothermal GaN substrate became recently available [3] allowing development of low leakage current electronic devices [4] .
In 1993 a great interest was triggered after publication of a theoretical work by Dyakonov and Shur who proposed a new mechanism of plasma waves generation by DC current in the field effect transistor (FET) channel [5] . Since then different groups are expecting to develop an efficient plasmonic FET terahertz (THz) emitter. However, only recently room temperature THz emission below 2 μW has been achieved from AlGaN/ GaN HEMT with a periodic Ohmic contacts design [6] . And substantially weaker radiation power was generated by submicron gate size HEMT demonstrating, for the first time, the emission peak tunability by the gate voltage between frequencies 0.75 and 2.1 THz [7] [8] .
The main aim of the TERAGAN project is development of the AlGaN/GaN HEMT plasmonic THz sources which should emit power more than 5 μW at room temperature. In this work, Schottky diodes and HEMTs based on AlGaN/GaN 2DEG structures were developed for the project needs at the Center for Physical Sciences and Technology (CPST), Vilnius, Lithuania. Here we proposed only a two-step photolithography GaN HEMT processing procedure in order to reduce the fabrication complexity and price. We processed and tested more electronic devices in parallel in order to optimize the performance of Ohmic and Schottky contacts required for development of efficient plasmonic THz sources.
Usually GaN device fabrication is completed with a deposition of dielectric passivation layers which suppress current collapse effects and reduce gate leakage current [9] [10] . The effects are critical for achieving high power and high frequency performance, especially in smaller nano-scale devices. However, in our case, we put forward simplified GaN HEMT processing technology considering micrometer dimensions of the plasmonic THz emitters [6] . This effort was also inspired by the work where good performance for unpassivated as well as passivated micrometer-gate-length GaN HEMTs has been reported [11] . The paper has exposed unsolved problems selecting surface passivants which might lead to up to three orders of magnitude higher gate leakage currents for passivated GaN HEMTs in comparison to unpassivated ones due to the occurrence of surface related traps.
Device fabrication
High quality AlGaN/GaN HEMT structures were grown on two-inch diameter sapphire by the metal organic vapor phase epitaxy (MOVPE) technique at the Institute of High Pressure Physics (UNIPRESS), Warsaw, Poland. Used structures are schematically shown in Fig. 1(a) . An undoped Al X Ga 1-X N layer with an AlN spacer were grown on the top of unintentionally doped (UID) GaN on the top of high resistivity (HR) and low-temperature (LT) GaN buffer layers on the 330 μm thick Al 2 O 3 substrate. Analysis of Al content in a heterostructure layer was measured by 2theta-omega x-ray diffraction scan. The thickness of about 25 nm and Al X Ga 1-X N composition with X = 20.4% of Al were found, as the experimental curve was reproduced by the simulation data based on the dynamical x-rays diffraction theory.
Test electronic devices, Schottky diodes, and HEMTs were fabricated of 2DEG AlGaN/GaN structures at the CPST employing the electron-beam thin film deposition system and standard UV photolithography procedures. Ohmic contacts were formed of the metal stack of Ti/Al/Ni/Au annealed for 30 s in N 2 gas atmosphere. Rapid thermal annealing (RTA) temperature was experimentally optimized to achieve the lowest contact resistance. As for the Schottky contact, the Ni/Au metal stack was deposited on the semiconductor. Only two photo lithography procedures were used in total and the surface of the devices was intentionally left unpassivated in order to put forward a low cost GaN HEMT processing technology. The fabricated electronic devices, namely the Schottky diode and the transistor, are shown in Figs. 1(b) and 1(c), respectively.
Results and discussion
The performance of the Ohmic contacts was optimized by the transmission line method (TLM) [12] . The circular TLM structure consists of eight 80 µm diameter central contact pads surrounded by the Ohmic contact area. The fabricated circular TLM structure is shown in the inset of Fig. 2(a) . Both circular inner and outer contacts were separated by a distance varying from 5 µm to 40 µm. Contact resistances were found from the I-V data of the measured resistance versus gap spacing by the TLM. The results are shown in Fig. 2(a) . The lowest specific contact resistance of 6.7 × 10 -5 Ω cm 2 was achieved at RTA temperature of 830 °C (see Fig. 2(b) ). I-V characteristics of the Schottky diodes were obtained at the applied bias voltage from -210 V to +2 V. Even though the spacing between the electrodes of the Schottky diode differs up to 8 times, the mean value of the leakage current was obtained of 33 ± 17 mA/cm 2 at the reverse bias larger than -50 V. The data demonstrates quite good quality of the AlGaN/GaN HEMT structures used. As for the forward bias, the maximum current was reached at 360 A/cm 2 for the diodes having contacts with the 5 µm separation distance while the maximum current for the diode with the largest 40 µm spacing was The Schottky diodes were designed and fabricated in a similar way as the circular TLM structures except for the center contact which was fabricated of Ni/Au stack forming a Schottky barrier with a height below 1 eV [13] . The measured current-voltage (I-V) characteristics of the Schottky diodes with different spacing between the contacts are shown in Fig. 3 . The performance of the diodes is summarized in the Table 1 . The average value of the ideality factor and the barrier height was found equal to n = 1.7 ± 0.2 and Φ B = 0.74 ± 0.02 eV, respectively. only 180 A/cm 2 , showing a decrease of approximately 2 times due to the presence of Ohmic losses.
We found that the leakage current starts to increase at a relatively low -0.2 V reverse bias and saturates below 0.1 A/cm 2 for the applied voltage from -3 V up to -210 V. The fabricated Schottky diodes demonstrated high up to 70 dB electric current switching ratio, which exceeds 30 dB within the entire studied region (from -210 V to +2 V).
The capacitance-voltage (C-V) characteristics of the Schottky diodes were measured in a bias range of -10 to 0 V. The results are shown in Fig. 4(a) . Charge distribution from the surface towards the substrate was found by differentiating the C-V characteristic in accordance to the method described in Chapter 2.2 of Ref. 12 . The results are shown in Fig. 4(b) . The position of 2DEG was found at around 26 nm from the surface in agreement with the fabrication protocol of the AlGaN/GaN HEMT structures (see Fig. 1(a) ). The C-V data was used to estimate the 2DEG density: /V s at 300 K and 77 K temperatures, respectively, were obtained. Note that the carrier freeze-out was not observed at liquid nitrogen temperature indicating good 2DEG localization by the AlN spacer.
Inspection of the Schottky diodes fabricated at slightly different technologic procedures showed that dislocations were responsible for shunting paths for the leakage current rather than the unpassivated device surface. And indeed, the leakage current independence of spacing between Schottky diode electrodes proves a reasonably good surface quality (see Fig. 3 ).
Finally, planar rectangular HEMTs with a ring shape gate were developed. The planar view of the processed HEMT is shown in Fig. 1(c) . The dimensions of the gate (G) electrode of 5.5 µm × 100 µm, the distance between the source (S) and drain (D) of 13 µm, and the GS length of L GS = 2.5 µm were chosen considering the accuracy of our photolithography procedures being not better than 2 microns and micrometer dimensions of the plasmonic THz emitters.
The measured DC I-V output and transfer characteristics of the AlGaN/GaN HEMT are shown in Figs. 5(a) and 5(b), respectively. It shows almost saturated drain currents reaching more than 320 mA/ mm at U GS = 2 V when normalized to the transistor gate width of 2 × 100 µm. A tiny decline seen in the output characteristics at higher gate voltages is caused by the heating effects which disappears in pulsed I-V characteristics [14] . The pinch-off voltage was measured at around -3.2 V and that was the similar value found from the C-V characteristics of the Schottky diodes (see also Fig. 4(a) ). The leakage currents dependence on drain voltage was expected after the discussion about the performance of Schottky diodes (see the text above). The HEMT transconductance was found to be more than g m = 100 mS/ mm at used bias of U GS = 0 V and U DS = 6.0 V. The performance of the fabricated 2.5 μm gate length HEMTs was still up to three times worse in comparison to the HEMTs fabricated using more advanced submicron photolithography or nanolithography procedures [10, [14] [15] . 
Conclusions
The Schottky diodes and the High Electron Mobility Transistors have been successfully developed of the 2DEG AlGaN/GaN on sapphire at the Center for Physical Sciences and Technology. We proposed twostep photo-lithography GaN HEMT processing without surface passivation in order to maintain electronic devices low cost fabrication technology taking a close look at the performance achieved.
The processed Schottky diodes demonstrated high up to 70 dB electric current switching ratio and small below 0.1 A/cm 2 leakage current which was independent from the distance between the contacts (reduced up to 5 μm) at the reverse bias voltage up to -210 V. The average value of the ideality factor and the barrier height of the Schottky diodes was of n = 1.7 ± 0.2 and Φ B = 0.74 ± 0.02 eV, respectively.
And the fabricated 2.5 μm gate length HEMTs showed rather promising current-voltage characteristic with good transistor channel closing. The transistors exhibited transconductance values up to g m = 100 mS/ mm, at the gate voltage +2 V, and the current drive capability as high as 320 mA/mm, at the drain voltage +6 V, both normalized to the channel width (2 × 100 µm). 
